We present a detailed investigation of bulk properties of MgO and lattice relaxations around divalent impurities in MgO by means of the full-potential Korringa-Kohn-Rostoker Green's function method. The local-density approximation and the perturbative generalized gradient corrections are used to calculate the lattice constant and bulk modulus of MgO. We obtain a very good description of the ground properties of MgO. Lattice relaxations around divalent impurities in MgO are determined using an ionic version of the HellmannFeynman theorem. DOI: 10.1103/PhysRevB.66.155117 PACS number͑s͒: 71.20.Ϫb, 71.15.Mb, 73.20.At The ceramic oxide MgO has long been of interest as the prototype for simple oxides. Such characteristics of MgO as the high resistance to radiation, the transparency in the infrared and visible regions of the spectrum, and the mechanical strength open a wide perspective for many applications. MgO is a commonly employed substrate for epitaxial growth of multilayers and clusters.
The ceramic oxide MgO has long been of interest as the prototype for simple oxides. Such characteristics of MgO as the high resistance to radiation, the transparency in the infrared and visible regions of the spectrum, and the mechanical strength open a wide perspective for many applications. MgO is a commonly employed substrate for epitaxial growth of multilayers and clusters. 1 It is also interesting to note that MgO is likely to be a major constituent of the Earth's lower mantle.
Despite the fact that MgO can be considered as a textbook example of an ionic system, its electronic structure, [2] [3] [4] [5] [6] [7] [8] charge distribution, [2] [3] [4] and physical properties [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] are still under discussions. While there is no doubt that MgO must be regarded as highly ionic, the extent of covalent mixing is unclear. The most recent experiments 2 performed by the convergent beam electron-diffraction technique allowed to achieve a tenfold improvement in the accuracy in the measurements of structural factors for MgO. These experiments have revealed a small nonspherical distortion in the charge densities on the Mg and O ions. For oxygen the charge is distorted towards the Mg atom and for Mg the charge is pushed away from O.
Considering the various calculations for the lattice constant and bulk moduli of MgO, 10,13,15,16,18 -20 one can find that all methods give close results for the lattice constant, while there are discrepancies in results for bulk moduli. As an example we show in Table I results obtained by linear muffin-tin orbital ͑LMTO͒, linear augmented plane wave ͑LAPW͒, and pseudopotentials methods.
The main goal of this paper is to present ab initio studies of electronic structure and structural relaxations of MgO with divalent impurities ͑Be, Ca, and Sr͒. We perform selfconsistent calculations of the forces and relaxations in these systems using the full potential Korringa-Kohn-Rostoker ͑KKR͒ Green's function method, which allows us to treat impurities in the infinite crystal. The effect of the structural relaxation on the charge distribution is demonstrated. To our best knowledge, there were only calculations of relaxations near impurities in ionic crystal using various cluster models. We choose divalent impurities for our studies because there is the considerable experimental and theoretical interest to structural changes in MgO caused, for example by Ca impurities. 21, 22 Presumably, the lattice strain induced by Ca ions in MgO leads to the surface segregation of Ca impurities. 22 Also, it was shown that Ca impurities induce structural transformations in MgO grain boundaries. 21 Before attempting calculations on defects, we make extensive studies of the lattice constant and bulk moduli of MgO using the state of the art computational methods. Both the local-density and the general gradient approximations are used.
We describe the method only briefly, as it is the same as the one used in the previous work. 23, 24 Our calculations are based on density-functional theory in the local-density approximation ͑LDA͒ and the generalized gradient approximation ͑PW91-GGA͒. 25 We apply the multiple scattering KKR Green's function method. To solve the Kohn-Sham equations in the full-potential ͑FP͒ case the method developed by Drittler et al. 26 is used. In this method, the solution for the radial symmetric potential is calculated first, then the Born series is used to iteratively include the effect of the anisotropic part of the potential. The maximum angular momentum used in the expansion of the wave functions and the Green's function is set to l max ϭ4. The potential and the electron-density expansion include all angular momentum coefficients up to 2l max ϭ8. In order to improve the space filling of the NaCl lattice ͑0.52͒, we introduce additional empty cells on the octahedral position, thus enhancing the space filling to the value of the bcc lattice ͑0.68͒, which improves the l convergence. The exact form of the resulting Wigner-Seitz cell is described by shape functions. 26 The electron density is calculated by a contour integral in the complex energy plane. The contour integral is evaluated with 114 complex energy points, which are choosen such that they include both the valence states and the semicore states of Mg, Ca, and Sr. Thus 2p 6 states of Mg, 3s 2 3p 6 states of Ca, and 4s 2 4p 6 states of Sr are treated as valence states. For the bulk calculation the Brillouin-zone integrations are performed using 146 k points.
A perturbative treatment of gradient corrections is used. It has been recently demonstrated 23 that the GGA total energies can be evaluated with the self-consistent LDA densities as input. Very accurate lattice constants and bulk moduli of metal and semiconductors have been obtained in this approximation.
We also present in this paper results obtained in the atomic sphere approximation ͑ASA͒ for the potential, which, however, include the full charge density generated from the spherical potential.
In calculations of divalent impurities in MgO, the perturbed region around the defect is exactly embedded in the unperturbed crystal MgO by using a Green's function technique. A cluster of 77 perturbed potentials with T d symmetry is used in our calculations. The equilibrium positions of the nearest-neighbor ͑nn͒ oxygen and the next nn magnesium atoms near the impurity are determined by the condition of vanishing forces. The forces are calculated using an ionic version of the Hellmann-Feynman theorem. 24 Since the positions in the perturbed crystal differ from the ones in the ideal host the corresponding host Green's function, the potentials, and the shape function are transformed to the new shifted positions as described in ͑Ref. 27͒.
First we present the results of our calculations for the perfect magnesium oxide crystal. The structural properties of MgO are determined by finding the minimum of the total energy as a function of the lattice constant. We use four approaches: FP-LDA, FP-GGA, ASA-LDA, and ASA-GGA. In ASA approximation for the potential the full charge density is used. The bulk modulus and the equilibrium lattice constant are determined using the equation of state proposed by Birch. 28 One should note that the bulk modulus is more sensitive to the calculated points chosen for the fit to the equation of state than the lattice constant. Table I shows our results together with calculations performed by other groups and experimental data. One can see that the FP-LDA approach gives an excellent agreement with experiments for the equilibrium lattice constant and rather good result for bulk modulus. The effect of gradient corrections is well seen: GGA increases the lattice constant a and decreases bulk modulus B. The increase of the lattice constant may be explained by noting that the PW91-GGA functional favors electron-density inhomogeneties. In both the LDA and GGA approximations the lattice constant and bulk modulus are slightly larger in FP calculations, but the difference between FP and ASA results is rather small. The empty spheres introduced into the rocksalt structure of MgO improve the representation of the potential in ASA approach.
Comparing the present results with other calculations ͑cf. Table I͒ one can see that our method in FP LDA approach allows one to obtain a very good agreement with experimental data for both the lattice constant and bulk modulus and the most recent full-potential linear augmented plane wave ͑FLAPW͒ calculations of Bihlmayer and Blügel. 19 It is necessary to note that precise measurements of bulk moduli are difficult, therefore experimental bulk moduli agree only within about 10%. Since the LDA approach gives slightly better results for the lattice constant, this approximation is also used for the impurity calculations in the following section. Now we turn to the results on lattice relaxations around divalent impurities in MgO. First we present our results for a single Ca impurity, which substitutes an Mg atom. We neglect the distortion of distant neighbors and consider only the relaxation of the first ͑O͒ and the second ͑Mg͒ neighbors of the impurity. In Table II we present Hellmann-Feynman forces exerted on Mg and O for different displacements of Mg and O ions. It is seen that in the unrelaxed geometry the force acting on O is very large due to the difference in atomic sizes of Ca and Mg ͑the ionic radius of Ca is about 1.5 times larger than that of the Mg ion͒. Thus, Ca impurities introduce a large stress in MgO. Experimental studies on this system 21, 22 revealed that Ca ions segregate and concentrate in the outemost layer. It was suggested 22 that the substitution of Ca for Mg in bulk site causes a large strain. Therefore, the surface segregation occurs to buffer it. Our results support such a scenario of segregation.
The relaxed atomic positions correspond to an outward relaxation of Mg and O around Ca impurity. We find that the displacements of O by 3.8% and Mg by 0.5% correspond to the equilibrium configuration, since in these relaxed positions the remaining forces are negligibly small.
Let us consider results for Be and Sr impurities in MgO. The size of Be cation is about two times smaller than the size of Mg cation. Also the wave functions of Be are more localized than the wave functions of Mg. Therefore, the interaction of Be impurity with O and Mg ions in unrelaxed geometry is expected to be relatively weak. Table II shows that the force acting on the O ions in MgOϩBe is considerably smaller than the one in MgOϩCa and has an opposite direction. Thus, the Be impurity introduces a strong local tensile strain in MgO. The relaxed atomic positions in MgOϩBe correspond to an inward relaxation of Mg and O around Be, i.e., relaxations are in the opposite direction to those for the Ca substitution, but the magnitude of the relaxations are similar, although the magnitudes of forces on the oxygen in the unrelaxed configurations differ by a factor of 2.
Compared to Be and Ca ions, the wave functions of Sr are more extended, which should lead to a stronger electronic rebonding in MgOϩSr compared to MgOϩCa. Also due to size arguments for Sr and Ca ͑difference in ionic radii is about 14%͒ one can expect that outward relaxations of Mg and O ions in MgOϩSr will be larger than in MgOϩCa.
Our results show ͑Table II͒ that the size effect and electronic rebonding lead to a drastic influence on atomic relaxations in MgOϩSr. We have found that the atomic displacements around the Sr impurity are about two times larger than for the Ca impurity ͑cf. Table II͒ and the relaxation energy is four times as large.
We want to briefly comment on the effect of the size of the perturbed region around the deffect on relaxations. One can expect that such effect is most important for Sr impurity in MgO. Our calculations for a cluster of 113 perturbed atoms have shown that the displacements of the nn oxygen ͑7.2%͒ and the next nn magnesium atoms ͑1.7%͒ near Sr are close to results obtained for the cluster of 77 atoms ͑Table II͒. We have also checked the relaxation of several shells around Sr impurity and we have found that the relaxations are actually limited to the nearest O and Mg atoms. For example, the displacements of the third oxygen and the fourth magnesium atoms near Sr are only 0.1% and 0.6%.
Finally, we demonstrate the effect of lattice relaxations on the charge distribution around divalent impurities in MgO. The response of the charge density to the relaxations is studied by substracting the charge density in unrelaxed system from that in the relaxed one. As an example, results for Be impurity in MgO are shown in Fig. 1 . We found that the charge transfer during relaxations occurs between Mg and Be atoms, and empty cells on the octahedral positions. Inhomogeneous distribution of electronic density is well seen in Fig. 1 .
In summary, we have shown that the FP KKR Green's function method allows us to obtain a very good description of the ground-state properties of MgO. We have performed ab initio calculations of forces and lattice relaxations in MgO with divalent impurities. Our result show that the atomic displacements in MgO with divalent impurities are determined by size effects and electronic rebonding around impurities.
The computations were performed on Cray computers of the Forschungszentrum Jülich and the German Supercomputer Center ͑HLRZ͒. Support of the Deutsche Forschungsgemeinschaft ͑DFG͒ through the SFB341 ͑Köln-AachenJülich͒, Landes-Projekt Sachsen-Anhalt, and Deutscher Akademischer Austauschdienst ͑DAAD͒ are gratefully acknowledged. 
